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AN ENGINEERING FEASIBILITY STUDY FOR ONE-WAY TIME TRANSFER 
U S I N G  THE GOES SATELLITE R A N G I N G  SYSTEM 

J. B .  Mil ton and W. F .  Hamilton 

The T i m e  and Frequency D i v i s i o n  of t h e  Nat iona l  Bureau of S tandards  
has  conducted an e n g i n e e r i n g  s t u d y  t o  determine t h e  f e a s i b i l i t y  of u s i n g  
t h e  GOES s a t e l l i t e  ranging  system f o r  p r e c i s e  ( 0 . 1  microsecond,  one-sigma) 
time t r a n s f e r  t o  a rece iv ing-only  t iming  s i t e .  The GOES s a t e l l i t e  rang- 
ing  system, t e rmed  a t r i l a t e r a t i o n  system, w i l l  a c c u r a t e l y  l o c a t e  t h i s  
s a t e l l i t e  w i t h i n  some c o o r d i n a t e  s t r u c t u r e .  The s o u r c e s  of t i m e  t r a n s f e r  
e r r o r s  have been s t u d i e d  i n  some d e t a i l .  These errors can  be caused by 
s a t e l l i t e  l o c a t i o n  e r r o r s ,  ground s t a t i o n  l o c a t i o n  errors, unknown d e l a y s  
caused by the t r o p o s p h e r e ,  t h e  ionosphere,  and t h e  v a r i o u s  equipments.  
S i m p l i f i e d  d e s i g n s  f o r  an  au tamat ic  and a manually o p e r a t e d  t iming  s i t e  
are p r e s e n t e d .  Some t e c h n i c a l  problems found i n  t h e  a s s o c i a t e d  equipment 
are d i s c u s s e d .  The s t u d y  i n d i c a t e s  t h a t  a secondary,  or s l a v e  s i t e ,  c l o c k  
could b e  synchronized t o  w i t h i n  0 . 1  microsecond, one-sigma, of some master 
c lock  u t i l i z i n g  a one-way, or rece iv ing-only  system. 

Key words: Clock synchroniza t ion ;  one-way t i m e  t r a n s f e r ;  s a t e l l i t e  t iming;  
synchronous s a t e l l i t e .  

1. INTRODUCTION 

Somet ime i n  e a r l y  1974, NASA p l a n s  t o  p l a c e  t h e  f i r s t  of a series of new environ-  
mental  s a t e l l i t e s  i n  synchronous o r b i t .  These s a t e l l i t e s  w i l l  be c a l l e d  Synchronous 
Meteoro logica l  Sa t e l l i t e s  ( S M S ) .  When NOAA, t h e  o p e r a t i n g  agency, begins  u s i n g  t h e s e  
s a t e l l i t e s ,  t h e y  w i l l  be r e d e s i g n a t e d  as Geosta t ionary  O p e r a t i o n a l  Environmental  Sa t -  
e l l i t es  ( G O E S ) .  P a r t  of the miss ion  for  GOES w i l l  be t o  t a k e  p i c t u r e s  of storm p a t -  
t e r n s ,  f r o n t a l  systems and t h e  l i k e .  I n  o r d e r  t o  a c c u r a t e l y  locate t h e s e  p i c t u r e s  wi th  
r e s p e c t  t o  e a r t h  l o n g i t u d e  and l a t i t u d e  p r e c i s e  informat ion  on t h e  l o c a t i o n  of t h e  sat- 
e l l i t e  must be o b t a i n e d .  

Toward t h i s  end,  a new ranging  system f o r  t h e s e  satel l i tes  h a s  been developed f o r  
NOAA t h a t  h a s  a t h e o r e t i c a l  p r e c i s i o n  of about  one meter and an accuracy l i m i t e d  bas- 
i c a l l y  by t h e  r e a l  t i m e  knowledge of t h e  e f f e c t s  of t h e  ionosphere  and t h e  t roposphere  
[l]. This  r a n g i n g  system, termed t r i l a t e r a t i o n ,  uses  o n l y  t i m e  d e l a y  d a t a  o b t a i n e d  
from t h r e e  widely s e p a r a t e d  ground s t a t i o n s .  No azimuth measurements are necessary .  
The pr imary t r a c k i n g  s t a t i o n ,  r e f e r r e d  t o  a s  t h e  Cont ro l  and D a t a  A c q u i s i t i o n  S t a t i o n  
( C D A ) ,  is  l o c a t e d  a t  Wallops S t a t i o n ,  V i r g i n i a .  The t w o  unmanned secondary  s t a t i o n s ,  

c a l l e d  Turn-Around Ranging S t a t i o n s  (TARS) w i l l  be  l o c a t e d  a t  S a n t i a g o ,  C h i l e  and 
e i t h e r  Honolulu,  Hawaii ,  or Ascension I s l a n d ,  i n  t h e  mid-At lan t ic  Ocean. T h i s  system 
of t h r e e  l o c a t i o n s  w i l l  p r o v i d e  t h r e e  s l a n t  ranges  t o  t h e  s a t e l l i t e .  The l o c a t i o n  of 
t h e  s a t e l l i t e  i s  t h e n  determined g e o m e t r i c a l l y  (see f i g .  11. 

Another major  m i s s i o n  of t h e  GOES s a t e l l i t e  w i l l  be t o  g a t h e r  environmental  d a t a  
from many s e n s o r s  l o c a t e d  i n  r i v e r s ,  t i d a l  areas, and o t h e r  s t r a t e g i c  l o c a t i o n s .  
The sensor  d a t a  w i l l  be r e t u r n e d  t o  t h e  CDA v i a  t h e  GOES s a t e l l i t e .  The ground equip-  
ment t h a t  w i l l  perform t h i s  f u n c t i o n  i s  r e f e r r e d  t o  a s  a Data C o l l e c t i o n  P la t form Radio 
S e t  (DCPRS) [ 2 ] .  Some s e n s o r  d a t a  w i l l  be t r a n s m i t t e d  on s a t e l l i t e  command, and some 
d a t a  w i l l  b e  t r a n s m i t t e d  a t  a prear ranged  t i m e .  The former i s  c a l l e d  an i n t e r r o g a t e d  
p l a t f o r m ,  t h e  l a t t e r  a s e l f - t i m e d  p la t form.  The i n t e r r o g a t i n g  s i g n a l  i s  s e n t  from t h e  
s a t e l l i t e  t o  t he  p l a t f o r m s  i n  t h e  i n t e r r o g a t i o n  channel ,  460.025 MHz. Time-of-day 
informat ion ,  and o t h e r  s p e c i a l  d a t a ,  w i l l  a l s o  be t r a n s m i t t e d  t o  u s e r s  v i a  t h i s  
channel .  The GOES f requency p l a n  w i l l  be found i n  Appendix A .  
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T i m e  t r a n s f e r  v i a  s a t e l l i t e  has been performed i n  t h e  p a s t  using two-way and one- 
way systems [ 3 1 - [ 7 1 .  I n  a two-way system, a t iming s i g n a l  i s  s e n t  from a r e f e r e n c e  

clock t o  a secondary c lock  v i a  t h e  s a t e l l i t e ,  and then ,  depending upon t h e  method used,  
some t iming s i g n a l  i s  s e n t  from t h e  secondary  clock back t o  t h e  r e f e r e n c e  clock.  

These t iming  s i g n a l s  u s u a l l y  t a k e  t h e  form of some t y p e  of modulation on a c a r r i e r  s i g n a l .  
E l e c t r o n i c  t ime " t i c k s "  have been used as w e l l  a s  cont inuous tone  modulation. The 
t iming s i g n a l  f r o m  t h e  secondary clock t o  t h e  r e f e r e n c e  c lock  can be e i t h e r  a s i g n a l  

gene ra t ed  by the secondary c lock  system o r  an a c t u a l  r e t r a n s m i s s i o n  of t h e  t iming  s i g n a l  
r ece ived  from t h e  r e f e r e n c e  clock.  Regard less  of t h e  method used ,  t h e  d e s i r e d  r e s u l t  of 
t h e  t iming  s i g n a l  t r a n s f e r  procedure  i s  t o  o b t a i n  s u f f i c i e n t  d a t a  t o  a c c u r a t e l y  c a l c u l a t e  
t h e  p ropaga t ion  d e l a y  time from t h e  r e f e r e n c e  c lock  t o  t h e  secondary c l o c k .  Once t h i s  
d e l a y  i s  o b t a i n e d ,  t h e  secondary c lock  c o r r e c t i o n s  are e a s i l y  made. Notice t h a t  no 
r e f e r e n c e  has been made t o  s a t e l l i t e  l o c a t i o n .  I n  a one-way system t h e  r e f e r e n c e  c lock  
s i g n a l  i s  s e n t  t o  a secondary c lock  s i te ,  b u t  no r e t u r n  t r ansmiss ion  is  made. I n  t h i s  
method, t h e r e  i s  i n s u f f i c i e n t  d a t a  t o  make an a c c u r a t e  d e t e r m i n a t i o n  of s i g n a l  d e l a y .  
The d e l a y  has t o  be computed by making assumptions a s  t o  sa te l l i te  l o c a t i o n ,  t ropo-  
s p h e r i c  e f f e c t s  and ionosphe r i c  e f f e c t s .  A two-way time t r a n s f e r  system has y i e l d e d  
p r e c i s e  (5  1 microsecond, 1 sigma) time t r a n s f e r  wh i l e  a one-way system has y i e l d e d  medi- 
um p r e c i s i o n  (2 1 0  microseconds,  1 sigma ) time t r a n s f e r .  During t h e  e a r l y  p r e c i s e  
t i m e  t r a n s f e r  experiments ,  a two-way system was necessa ry  because adequate  in fo rma t ion  
on t h e  s a t e l l i t e  p o s i t i o n  was n o t  a v a i l a b l e .  A d i sadvan tage  of a two-way system i s  

t h a t  a f u l l  t r a n s m i t t i n g  and r e c e i v i n g  f a c i l i t y  i s  r e q u i r e d  a t  t h e  secondary c lock  
s i t e .  Also,  only one secondary t iming  s i t e  may be s e r v i c e d  a t  any one t ime.  

With t h e  advent  of t h e  a c c u r a t e  t r i l a t e r a t i o n  ranging system f o r  GOES, p r e c i s e  
one-way t iming  systems become f e a s i b l e .  The b a s i c  requirements  are a c c u r a t e  knowledge 
of t r a n s m i t t i n g  l o c a t i o n ,  r e c e i v i n g  l o c a t i o n ,  and t h e  t r o p o s p h e r i c  and ionospbe r i c  
c o n d i t i o n s  . 

The Time  and Frequency D i v i s i o n  h a s  performed a s tudy  t o  de te rmine  t h e  p r a c t i c a l i t y  

of p r e c i s e  ( 0 . 1  microsecond, 1 sigma) one-way time t r a n s f e r  systems. S p e c i f i c  a t t e n -  
t i o n  has been p a i d  t o  t h e  e r r o r s  caused by v a r i a t i o n s  i n  t h e  p ropaga t ion  medium and 

e r r o r s  due to n o i s e  on t h e  v a r i o u s  r a d i o  l i n k s .  E r r o r s  caused by f a u l t y  in fo rma t ion  
concerning t h e  l o c a t i o n s  of t h e  CDA and TARS s t a t i o n s  and t h e  v a r i o u s  r e c e i v i r g  f a c i l -  
i t i e s  t h a t  might be involved i n  t h e  system a r e  a l s o  d i scussed .  Represen ta t ive  e r r o r s  
from t h e s e  and o t h e r  s o u r c e s  w i l l  be l i s t e d .  D e t a i l s  of t h e  t r i l a t e r a t i o n  method and 
t h e  theo ry  of one-way t iming systems w i l l  be  g iven .  Techn ica l  f a c t o r s  involved i n  a 
one-way t iming system are t a b u l a t e d  and d i s c u s s e d .  The g e n e r a l  l o g i s t i c s  of a manned 
and unmanned r e c e i v i n g  s i t e  i s  gone i n t o  i n  some d e t a i l .  The GOES l i n k  a n a l y s e s  w i l l  
be found i n  Appendix B.  

2 ,  SATELLITE RANGING TECHNIQUES 

I n  o r d e r  t o  determine t h e  o r b i t  of any satel l i te ,  c e r t a i n  p a r m e t e r s  must be ob- 
t a i n e d .  
of t h e  s a t e l l i t e  a t  some s p e c i f i c  t i m e .  
examining a q u a n t i t y  of d a t a .  
r a t e  of change of s i g n a l  d e l a y ,  from one or more s a t e l l i t e  t r a c k i n g  s t a t i o n s .  

These pa rame te r s ,  c a l l e d  o r b i t a l  e l emen t s ,  d e s c r i b e  t h e  p o s i t i o n  and v e l o c i t y  
These elements  are determined by computer a f t e r  

These d a t a  c o n s i s t  of measurements of s i g n a l  d e l a y  and 

3 



2 . 1 .  PRESENTLY USED SIDETONE R A N G I N G  TECHNIQUES 

The Goddard Range and Range Rate System (GRRR) [8] uses  a series of t o n e s ,  c a l l e d  
s i d e t o n e s ,  t o  modulate a microwave carrier. A f t e r  t r a n s m i s s i o n  t o  t h e  s a t e l l i t e ,  t h e  
c a r r i e r  w i t h  s idekands  i s  r e t u r n e d  t o  t h e  t r a c k i n g  s t a t i o n  through t h e  s a t e l l i t e  renging 
t ransponder .  A f t e r  demodulat ion,  t h e  phase and ra te  of change of phase  of t h e  r e t u r n i n g  
s i d e t o n e  i s  c o n t i n u o u s l y  measured with r e s p e c t  t o  t h e  phase of t h e  same s i d e t o n e  t r a n s -  
m i t t e d  t o  t h e  s a t e l l i t e .  These phase d a t a  a r e  converted t o  range  and r a n g e - r a t e  d e t a .  
I f  t h i s  in format ion  i s  a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t y  an  a c c u r a t e  d e t e r m i n a t i o n  of 
t h e  o r b i t a l  e lements  may be made. 

2 . 2 .  TRILATERATION SIDETONE RANGING 

I n  a t r i l a t e r a t i o n  system, t h e  computation of t h e  o r b i t a l  e lements  i s  somewhat 
s i m p l i f i e d .  There are always t h r e e  t r a c k i n g  s t a t i o n s  involved.  Each s t a t i o n  m e a s u r e s  
t h e  phase of a s i d e t o n e  such t h a t  t h r e e  s l a n t  r a n g e s  may b e  computed. The t h r e e  s l a n t  
ranges  may b e  g e o r c e t r i c a l l y  reso lved  i n t o  a s a t e l l i t e  range- to-ear th  c e n t e r .  T h i s  
p u r e l y  g e o m e t r i c a l  s o l u t i o n  i m p l i e s  s imul taneous  s l a n t  range  measurements , i .e. , t h e r e  

will b e  a t i m e ,  to, associated wi th  t h e  range  c a l c u l a t i o n .  
computed from new s l a n t  range  data a t  t i m e  tl, s u f f i c i e n t  i n f o r m a t i o n  i s  a v a i l a b l e  t o  
compute t h e  o rb i ta l  elements .  The drawback t o  t h i s  system i s  t h a t  f o r  a c c u r a t e  d e t e r -  
mina t ion  of r a n g e ,  t h e  t h r e e  t r a c k i n g  l o c a t i o n s  should be widely s e p a r a t e d .  These 
l a r g e  s e p a r a t i o n s  make t h e  t a s k  of synchroniz ing  t h e  t r a c k i n g  s t a t i o n s '  c l o c k s ,  (and 
t h e r e f o r e  t h e  s l a n t  range  d a t a )  much more d i f f i c u l t .  

Now i f  a new range  i s  

I n  t h e  GOES t r a c k i n g  system, t h e r e  is  no time s y n c h r o n i z a t i o n  problem. The master  
s t a t i o n  (CDA) t r a n s m i t s  t h e  s i d e t o n e  t o  t h e  s a t e l l i t e .  The satel l i te  t r a n s m i t s  t h e  
s i d e t o n e  back t o  t h e  CDA and s imul taneous ly  t o  each TARS s t a t i o n .  The TARS s t a t i o n s  
r e t u r n  t h e  s i d e t o n e  t r a n s m i s s i o n  on t h e i r  own i n d i v i d u a l  carrier f r e q u e n c i e s ,  v i a  t h e  
s a t e l l i t e ,  t o  t h e  CDA. T h i s  phase informat ion  i s  s u f f i c i e n t  t o  a l l o w  a r a n g e  d e t e r -  
mina t ion  t o  be made a t  t h e  CDA s ta t ion .  Synchronizat ion i s  no problem s i n c e  a l l  
t r a n s m i s s i o n s  occur  s imul taneous ly .  

2.3. THEORY OF SIDETONE RANGING 

Because of t h e  ambigui ty  a s s o c i a t e d  w i t h  t h e  d e t e r m i n a t i o n  of range  based upor? 
t h e  phase measurements of a cont inuous t o n e ,  a m u l t i p l e  t o n e  system is employed. 
While t h e r e  are no c o n s t r a i n t s  on t h e  a c t u a l  f requency of t h e  t o n e s ,  t h e r e  are r e q u i r e -  
ments on t h e  r e l a t i o n s h i p s  of t h e  t o n e s  t o  each o t h e r  and requi rements  on t h e  h igh  and 

low t o n e s .  The h i g h e s t  f requency t o n e  de te rmines  t h e  r e s o l u t i o n  and accuracy  of t t e  
ranging  system w h i l e  t h e  lower t o n e s  r e s o l v e  t h e  ambiguity of t h e  range  measurement. 
The number and r e l a t i o n s h i p  of t h e  i n t e r m e d i a t e  t o n e s  i s  determined b a s i c a l l y  by t b e  
l i n k  s i g n a l - t o - n o i s e  r a t i o .  The GOES ranging  s y s t e m ' s  lowest  t o n e  h a s  a frequency of  
ahout  35.4 Hz.  The p e r i o d  i s  e x a c t  a t  28,224 microseconds.  

To begin w i t h ,  t h e  range t o  t h e  s a t e l l i t e  must be e s t i m a t e d  to better than  1/2 
wavelength of t h e  lowest tone .  The wavelength,  1, according t o  C = A/T, is  approximately 
8,467 km. C i s  t h e  v e l o c i t y  of l i g h t  and T is t h e  per iod  of t h e  t o n e .  The e s t i m a t e  
of synchronous a l t i t u d e  must t h e r e f o r e  be a c c u r a t e  t o  about  f 2,100 km. If a synchro- 
nous s a t e l l i t e  has  a reasonably  c i r c u l a r  o rb i t  and l o w  i n c l i n a t i o n ,  t h e  s a t e l l i t e  a l t i -  

t u d e  i s  about  3 6 , 0 0 0  km. Dividing t h e  round t r i p  d i s t a n c e  of 72,000 h, by t h e  wave- 
l e n g t h  of t h e  35.4 Hz t o n e ,  y i e l d s  a t o t a l  of 8.5 wavelengths round t r i p  d e l a y  f o r  t h a t  
tone .  The a c t u a l  proceedure i s  t o  measure t h e  phase d i f f e r e n c e ,  expressed  as a t i m e  

4 



i n t e r v a l ,  between t h e  t r a n s m i t t e d  3 5 . 4  Hz tone  and t h e  r ece ived  3 5 . 4  Hz tone  from t h e  
s a t e l l i t e .  The measurement i s  of t h e  f r a c t i o n a l  or r e s i d u a l  wavelength only.  I f  t h e  
o r i g i n a l  e s t i m a t e  of round t r i p  d e l a y  w a s  a c c u r a t e ,  it would be c l e a r  t h a t  8 wave- 
l e n g t h s  should be added t o  t h e  r e s i d u a l ,  r a t h e r  than 7 or 9. I f  t h e r e  w e r e  no n o i s e  
i n  t h e  system, t h e  r ange  measurement could s t o p  t h e r e ,  b u t  of course, t h i s  is  n o t  t h e  
c a s e .  The re fo re ,  t h e r e  i s  an error e s t i m a t e  a t t a c h e d  t o  t h e  phase  measurement t h a t  
t r a n s l a t e s  t o  a range e r r o r ,  AR. I n  t h e  c a s e  of GOES, t h i s  i s  about  30 km f o r  t h i s  
l o w e s t  tone.  From Skolnik [ 9 1  : 

where f i s  t h e  s i d e t o n e  frequency,  S/N is  t h e  s igna l - to -no i se  power r a t i o  and C is  t h e  

f r e e  space v e l o c i t y  of l i g h t .  

The requi rement  t h a t  de t e rmines  t h e  f i r s t  t one  frequency above 3 5 . 4  is t h a t  1/2 
i t s  wavelength be g r e a t e r  t h a n  t h e  AR of t h e  35.4 H z .  I f  t h i s  requi rement  i s  m e t  f o r  
each  h ighe r  t o n e  i n  t u r n ,  t h e n  p r o g r e s s i v e  measurements may be made t h a t  w i l l  a l l ow 
unambiguous r ange  d e t e r m i n a t i o n  u s i n g  t h e  h i g h e s t  frequency tone.  The range e r r o r  , 
A R ,  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  t o n e  frequency,  and so t h e  r ange  accuracy  r e q u i r e -  
r e n t s  and t h e  s i g n a l - t o - n o i s e  r a t i o  de te rmine  t h e  h i g h e s t  t o n e  frequency.  Table  1 
l i s t s  t h e  G9ES rang ing  system t o n e s  and t h e i r  r e s p e c t i v e  range e r r o r s  due t o  s y s t e m a t i c  
b i a s  and random n o i s e .  These are computed v a l u e s  [l] . 

3 .  ONE-WAY TIME TRANSFER METHOD 

There a r e ,  of c o u r s e ,  r e s t r i c t i o n s  on t h e  u s e  of t h e  GOES s a t e l l i t e s .  The GOES 
s a t e l l i t e s  a r e  p a r t  of a f u t u r e ,  world-wide group of environmental  s a t e l l i t e s  t h a t  
w i l l  be  o p e r a t i o n a l  r a t h e r  t h a n  expe r imen ta l  i n  n a t u r e .  Consequently,  excep t  f o r  a 
few s t r i c t l y  agreed upon and minimal s e r v i c e s  t h a t  can be performed by NOAA, a l l  o t h e r  
u s e  of t h e s e  s a t e l l i t e s  by o t h e r  a g e n c i e s  must be s t r i c t l y  p a s s i v e .  That  i s ,  any t r a n s -  
m i s s i o n s  from t h e  sa te l l i t e  may be r e c e i v e d  and u t i l i z e d ,  b u t  no t r a n s m i s s i o n  t o  t h e  

s a t e l l i t e  w i l l  be  allowed t h a t  i s  n o t  i n  accordance with t h e  GOES miss ion .  T h i s  d i s -  
c u s s i o n  w i l l  t a k e  p l a c e  w i t h i n  t h e  framework of t h e s e  r e s t r i c t i o n s .  

A s  can be seen from t h e  GOES frequency p l a n  (Appendix A) , t h e  S-band c i r c u i t s  i n  
t h e  s a t e l l i t e  a r e  used p r i m a r i l y  f o r  s e r v i c e s  o t h e r  t han  r ang ing .  Consequently,  i t  may 
n o t  be p o s s i b l e  t o  schedule  t h e  time s i g n a l  as d e s i r e d .  
i s  f u l l y  o p e r a t i o n a l ,  a s chedu le  of r ang ing  t imes  would be made a v a i l a b l e  t o  t ime t r a n s -  
f e r  u s e r s .  I n  any c a s e ,  t h e  t i m e  t r a n s f e r  should t a k e  p l a c e  d u r i n g  t h e  2 0 0  kHz tone  
t r a n s m i s s i o n .  
u se  p r e s e n t s  c e r t a i n  problems. These t o n e s  a r e  f o r  ambiguity r e s o l u t i o n  o n l y ,  and it 
d o e s n ' t  m a t t e r  t o  t h e  r ang ing  system t h a t  none have f r e q u e n c i e s  t h a t  are m u l t i p l e s  of 

1 Ez. To a u s e r  wish ing  t o  t r a n s f e r  time, however, t h e  use  of t h e s e  t o n e s  w i l l  g r e a t l y  
i n c r e a s e  t h e  system complexity and bookkeeping requirements .  

Hopeful ly ,  once t h e  s a t e l l i t e  

The lower f requency  t o n e s  could be u t i l i z e d  for t i m e  t r a n s f e r ,  b u t  t h e i r  

The d a t a  a v a i l a b l e  a t  t h e  CDA, a f t e r  t h e  ranging sequence, c o n s i s t s  of a series 
of phase d i f f e r e n c e  measurements (expressed a s  a time i n t e r v a l ) ,  a long wi th  a time-of-day 
l a b e l  f o r  each measurement. For t h e  200 kHz tone  sequence, a measurement c o n s i s t s  of 
a one second average of t h e  phase d i f f e r e n c e  v a l u e s  between t h e  t r a n s m i t t e d  and t h e  
r e c e i v e d  tone .  The average phase d i f f e r e n c e  v a l u e  i s ,  of cour se ,  some i n t e r v a l  between 

5 
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0 and 5 microseconds,  t h e  pe r iod  of t h e  2 0 0  kHz tone .  The complete  200  kHz tone  sequence 
c o n s i s t s  of s i x t y  such average  phase v a l u e s  from each of t h e  t h r e e  range l i n k s :  TARS I ,  

TARS I1 and t h e  CDA. 

A f t e r  t h e  ranging  sequence i s  completed a l l  t h e  phase  d a t a  t h u s  accumulated i s  
t r a n s f e r r e d  v i a  te lephone  l i n e ,  t o  t h e  NOAA computer a t  S u i t l a n d ,  Maryland. T h i s  com- 
p u t e r  de te rmines  t h e  r ange ,  t h e  s a t e l l i t e  c o o r d i n a t e s ,  r a n g e - r a t e ,  and t h e  time of 
ranging .  The t i m e  of ranging  and s a t e l l i t e  c o o r d i n a t e s  are,  v i a  te lephone  l i n e ,  
r e t u r n e d  t o  t h e  CDA f o r  t r ansmiss ion  t o  t h e  rece ive-only  sites v i a  t h e  468 MHz i n t e r -  
r o g a t i o n  channel  time code ,  (see f i g .  2 ) .  

A t  t h e  rece ive-only  s i te  t h e  t i m e  recovery  procedure  would b e  as fo l lows .  L e t  

t h e  s u b s c r i p t s  c ,  s and r r e f e r  t o  t h e  CDA, s a t e l l i t e  and rece ive-only  s i t e ,  r e s p e c t i v e l y .  
The s a t e l l i t e  c o o r d i n a t e s  Xs, Ys, Zs,  are rece ived  from t h e  4 6 8  MHz t r ansmiss ion .  
c o o r d i n a t e s  X r ,  Y r ,  Z r ,  have been ob ta ined  p rev ious ly  from maps o r  surveys .  
t a n c e  between t h e  s a t e l l i t e  and t h e  r e c e i v i n g  s i te  i s  s imply 

The 
The d i s -  

(see f ig .  ( 3 ) .  

Also ,  t h e  c o o r d i n a t e s  of t h e  CDA, X Yc ,  Z c ,  must have been ob ta ined  by t h e  
C ,  

r e c e i v i n g  s i t e .  
was R 

The d i s t a n c e  between t h e  s a t e l l i t e  and t h e  CDA, R ( c - x ) ,  i s  computed as 

(s-r) ' 

The propagat ion  time, t ,  of  an e l ec t romagne t i c  wave i n  a vacuum, over  a d i s t a n c e  
R ,  i s  t = R / C  where C i s  t h e  v e l o c i t y  of l i g h t .  Then t h e  t o t a l  d e l a y  t i m e  from t h e  
CDA through t h e  s a t e l l i t e  t o  t h e  r e c e i v i n g  s i t e  w i l l  be 

where t h e  t w o  d i s t a n c e s  w e r e  p rev ious ly  computed. 

The 

1. 

2. 

3 .  

4 .  

5. 

The 

t h e o r e t i c a l  p ropagat ion  d e l a y  must be c o r r e c t e d  f o r  t h e  fo l lowing :  

The d i f f e r e n c e  between t h e  CDA mas ter  c lock  p u l s e  and t h e  phase of t h e  
2 0 0  kHz range  tone  a t  t h e  r ange  tone  g e n e r a t o r ,  i f  any. 
The time d e l a y  from t h e  r ange  tone  g e n e r a t o r  t o  t h e  CDA t r a n m i t t i n g  
antenna.  
The propagat ion  d e l a y  i n  t h e  t iming  s i g n a l  due t o  t h e  t roposphe re  
and t h e  ionosphere .  
The equipment t i m e  d e l a y  i n  t h e  r e c e i v i n g  system. 
The d e l a y  through t h e  s a t e l l i t e  t ransponder .  

r e c e i v e  s i t e  o p e r a t o r  compares h i s  r ece ived  phase d a t a  wi th  a v a l u e  computed 

from summation of a l l  t h e  d e l a y s .  Any d i f f e r e n c e  can be  a t t r i b u t e d  t o  r e c e i v e  s i t e  
c lock  e r r o r .  This  sequence presupposes  t h a t  t h e  rece ive-only  s i te  c lock  t i c k  was w i t h i n  
1/2 per iod  of t h e  200 kHz t o n e ,  ( 2 . 5  microseconds)  , of t h e  CDA mas te r  c lock .  See f i g u r e  
4 for s imple  diagrams of r e c e i v i n g  s i t e  systems. 

The ambiguity r e s o l u t i o n  a t  t h e  rece ive-only  s i te  could t a k e  v a r i o u s  forms de-  
pending upon t h e  c i rcumstances .  One t ime honored method i s  t o  c a r r y  a p o r t a b l e  
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cesium c lock  from t h e  CDA t o  t h e  r e c e i v i n g  s i t e .  I f  t h e  r e c e i v i n g  s i t e  were v i t h i n  good 
ground-wave d i s t a n c e  of a LORAN-C s t a t i o n ,  t h e  LORAN s i g n a l  might be used. 

4 .  GEODETIC CONSIDERATIONS FOR SATELLITE TRILATERATION T I M I N G  

The problems a s s o c i a t e d  wi th  de te rmining  ground s t a t i o n  l o c a t i o n s  have two impl i -  
c a t i o n s  f o r  t h e  t r i l a t e r a t i o n  t iming  scheme of t h i s  r e p o r t .  Because of t h e  method of 
s o l u t i o n  f o r  t h e  s a t e l l i t e ’ s  p o s i t i o n ,  t h e  l o c a t i o n  of t h e  TARS s t a t i o n s  and of t h e  
CDA must be known ve ry  a c c u r a t e l y .  The l o c a t i o n  of t h e  t i m e  r ecove ry  s i tes  need only 
be known t o  an accuracy commensurate with t h e  accuracy of t iming  d e s i r e d  a t  t h a t  pa r -  
t i c u l a r  s i te .  

4 . 1 .  CDA AND TARS SITE LOCATION 

The l o c a t i o n  of t h e  CDA and TARS si tes must be known t o  t h e  h i g h e s t  p o s s i b l e  
accuracy.  Knowledge of t h e  l o c a t i o n  of t h e s e  sites t o  a l a r g e  deg ree  determines t h e  
accuracy of t h e  c a l c u l a t e d  s a t e l l i t e  p o s i t i o n  and t h u s  can g r e a t l y  e f f e c t  t h e  o v e r a l l  
accuracy of t h e  proposed t iming system. Two methods capab le  of d e l i v e r i n g  t h e  d e s i r e d  
accuracy a r e  d e s c r i b e d  below - t r i a n g u l a t i o n  surveys and dopp le r  r e c e i v e r  surveys.  Other 
surveying methods a l s o  may need t o  be cons ide red ,  however, t h e s e  two appear t o  be t h e  
most p robab le  s o l u t i o n s  t o  t h e  l o c a t i o n  problems f o r  t h e  t h r e e  t r i l a t e r a t i o n  s t a t i o n s .  

T r i a n g u l a t i o n  i s  a method of surveying which p r i m a r i l y  i n v o l v e s  t h e  measurement 
of t h e  a n g l e s  i n  a t r i a n g u l a t i o n  network as i l l u s t r a t e d  i n  f i g u r e  5 .  I n  t h i s  f i g u r e  
A and B a r e  known l o c a t i o n s  and AB i s  a known d i s t a n c e .  The a n g l e s  t o  be measured 
a r e  shown by t h e  arrows and t h e  p o s i t i o n s  t o  be determined a r e  i n d i c a t e d  by t h e  d o t s  
i n s i d e  t h e  sma l l  circles. Ul t ima te ly  t h e  l o c a t i o n  of p o s i t i o n  C i s  c a l c u l a t e d .  

C r i t e r i a  e x i s t  t o  s t a t i s t i c a l l y  determine t h e  accuracy  of a p o s i t i o n  determined 
i n  such a manner. These c r i t e r i a  i n c l u d e  t h e  probable  e r r o r  i n  t h e  measurement of each 
a n g l e ,  t h e  number of a n g l e s  measured and t h e  s i z e  of those  a n g l e s ,  t h e  l e n g t h  of t h e  
s i d e s  of t h e  t r i a n g l e s ,  and t h e  c l o s u r e  of t h e  ang le s  w i t h i n  each t r i a n g l e  and t h e  
whole f i g u r e .  On t h e  b a s i s  of such c r i t e r i a ,  a survey i s  as s igned  an o r d e r  which deno tes  
t h e  accuracy  of t h a t  survey and of t h e  l o c a t i o n s  determined by t h a t  survey.  A f i r s t  
o rde r  t r i a n g u l a t i o n  i s  t h e  most r i g o r o u s  and would be a c c e p t a b l e  f o r  determining t h e  
l o c a t i o n  of t h e  CDA and TARS s i tes .  

A p rocess  of ad jus tment  i s  used t o  make t h e  o v e r a l l  accuracy of a given survey 
as  h igh  a s  p o s s i b l e .  Th i s  i nvo lves  ad jus tment  of t h e  l o c a t i o n s  de t e rmined ,  such 
t h a t  c e r t a i n  s t a t i s t i c a l  p r o p e r t i e s  a r e  improved. The r e s u l t ,  however, i s  t h a t  t h e  
determined l o c a t i o n s  a r e  ma themat i ca l ly  dependent ,  t h u s  i n c r e a s i n g  t h e  p r o b a b i l i t y  of 
s y s t e m a t i c  b i a s .  

The c o o r d i n a t e  system f o r  a t r i a n g u l a t i o n  survey i s  de termined  by t h e  r e f e r e n c e  
sphe ro id .  Th i s  sphe ro id  i s  chosen such t h a t  f o r  a given su rvey  a r e a ,  t h e  s u r f a c e  of t h e  
sphe ro id  c l o s e l y  approximates t h e  s u r f a c e  of t h e  e a r t h  i n  t h a t  a r e a .  The c e n t e r  of t h e  
s p h e r o i d ,  t h e  geometr ic  c e n t e r  of t h e  e a r t h ,  t h e  c e n t e r  of mass of t h e  e a r t h ,  a r e  d i s -  
t i n c t  p o i n t s  which c o i n c i d e  only by chance. 

The accuracy of a f i r s t  o rde r  t r i a n g u l a t i o n  of i n t e r c o n t i n e n t a l  e x t e n t  i s  es t i -  
mated t o  be one p a r t  i n  one m i l l i o n  [lo]. 

An a l t e r n a t i v e  method of l o c a t i n g  t h e  p o s i t i o n s  of t h e  CDA and TARS i s  based 

upon d a t a  from a s p e c i a l  r a d i o  r e c e i v e r .  This  i n s t rumen t  measures t h e  Doppler 
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s h i f t  of t h e  s i g n a l s  t r a n s m i t t e d  from t h e  TRANSIT i l l 1  s a t e l l i t e s .  The orbits of these 
s a t e l l i t e s  a r e  determined by measurements made a t  s p e c i a l  t r a c k i n g  si tes.  From t h e  
s a t e l l i t e  o r b i t s  and t h e  Doppler measurements t h e  p o s i t i o n  of t h e  s a t e l l i t e  r e c e i v e r  
may be c a l c u l a t e d .  

T h i s  method of p o s i t i o n  de te rmina t ion  y i e l d s  a l o c a t i o n  t h a t  i s  e s s e n t i a l l y  inde -  
pendent  of o t h e r  survey p o i n t s ,  t h e  dependency i s  only upon a l i m i t e d  number of t r a c k i n g  
loca t ions  from w h i c h  t h e  s a t e l l i t e  p o s i t i o n  w a s  determined. T h i s  mathemat ica l  independ- 
ence means t h a t  s y s t e m a t i c  e r r o r s  w i l l  n o t  accumulate,  b u t  t h a t  b i a s e s  may e x i s t .  

The accuracy of t h i s  method i s  e s t ima ted  t o  be one meter, one sigma, i n  each coor-  
d i n a t e  r e l a t i v e  t o  t h e  c a l c u l a t e d  o r b i t  of the s a t e l l i t e .  

The c o o r d i n a t e  system f o r  l o c a t i o n s  based on t h e  s a t e l l i t e  r e c e i v e r  has i t s  
o r i g i n  a t  t h e  c e n t e r  of mass of t h e  e a r t h .  T h i s  i s  because t h e  s a t e l l i t e  t r a v e l s  i n  an 
o r b i t  around t h e  c e n t e r  of mass of t h e  e a r t h  and t h e  p o s i t i o n  f i x  i s  r e l a t i v e  t o  t h i s  
o r b i t .  The accuracy  of t h e  r e c e i v e r  l o c a t i o n  r e l a t i v e  t o  t h e  c e n t e r  of mass is es t i -  
mated t o  be 1 0  meters, one sigma, i n  each coord ina te .  

The t iming i m p l i c a t i o n s  of t h e  i n a c c u r a c i e s  of t h e  s a t e l l i t e  r e c e i v e r  and t r i a n -  
g u l a t i o n  su rveys  w i l l  be d e l i n e a t e d  i n  s e c t i o n  5.3. of t h i s  r e p o r t .  

4 . 2 .  RECEIVING SITE LOCATION 

The p o s i t i o n  l o c a t i o n  accuracy  r equ i r emen t s  for t h e  r e c e i v i n g  s i t e  a r e  much less 
s t r i n g e n t  t han  f o r  t h e  CDA and TARS sites. The requirement  i s  a l o c a t i o n  accuracy 
which w i l l  suppor t  t h e  t iming  needs of t h e  s i te .  Within t h e  c o n t i n e n t a l  United S t a t e s  
t h i s  t r a n s l a t e s  roughly  t o  an a l lowab le  l o c a t i o n  e r r o r  of a few hundredths of a degree 
t o  suppor t  t e n t h  microsecond t iming .  For i n s t a n c e ,  i f  t h e  s a t e l l i t e  were due sou th  of 
Washington, D. C . ,  a r e c e i v e r  l o c a t e d  a t  Washington, D. C . ,  would need t o  be l o c a t e d  
a c c u r a t e l y  t o  t h r e e  hundredths  of a deg ree  i f  t e n t h  microsecond t iming w e r e  r e q u i r e d .  
Any of t h e  surveying methods commonly i n  use w i l l  provide t h i s  accuracy.  I n  f a c t ,  
f o r  most s i tes  it i s  probably  s u f f i c i e n t  t o  determine t h e  s i t e  l o c a t i o n  from a high 
q u a l i t y  15 minute o r  7 .5  minute quadrangle  map. 

In '  o r d e r  t o  compute t h e  d e l a y  between t h e  s a t e l l i t e  and t h e  r e c e i v i n g  s i t e  it i s  
necessary t o  ensu re  t h a t  t h e  s a t e l l i t e ' s  l o c a t i o n  i s  g iven  i n  t h e  same c o o r d i n a t e  sys-  

t e m  a s  t h e  s i te ' s  l o c a t i o n .  

5.  ADVERSE EFFECTS UPON THE TIME TRANSFER 

5 .1 .  PROPAGATION EFFECTS 

The Troposphere 
An e l e c t r o m a g n e t i c  wave o r  r a y  p ropaga t ing  through t h e  t roposphe re  w i l l  expe r i ence  

a bending and a slowing due t o  t h e  f a c t  t h a t  t h e  r e f r a c t i v e  index of t h e  medium i s  o t h e r  
than u n i t y  [12]. The index of r e f r a c t i o n ,  n ,  i s  g e n e r a l l y  an inconven ien t  number with 
which t o  work: t h e r e f o r e ,  t h e  r e f r a c t i v i t y ,  N ,  i s  used f o r  convenience i n  t h e  v a r i o u s  
equa t ions .  The r e f r a c t i v i t y  i s  d e f i n e d  a s  (n-1) x l o 6  and is  i n  t h e  range of about 
200  t o  4 0 0  a t  t h e  e a r t h ' s  s u r f a c e .  For t h e  t roposphe re ,  N i s  dependent upon water  
vapor c o n t e n t  of t h e  a i r ,  t h e  a b s o l u t e  t empera tu re ,  and t h e  ba romet r i c  p r e s s u r e .  A 

widely used equa t ion  f o r  N for t h e  t roposphe re  can be w r i t t e n  a s  

( 4 3  
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where T i s  t h e  a b s o l u t e  tempera ture  i n  K ,  P i s  t h e  t o t a l  p r e s s u r e ,  and e i s  t h e  p a r t i a l  

p r e s s u r e  of water  vapor ,  both i n  m i l l i b a r s  113, 1 4 1 .  

F i g u r e  6 shows t h e  p a t h  l e n g t h  change f o r  t w o  extreme v a l u e s  of N as  a f u n c t i o n  of 
antenna e l e v a t i o n  a n g l e .  
a c c u r a t e  measure of N is  a v a i l a b l e  on a rea l  t i m e  b a s i s .  Equat ion 4 or an e q u i v a l e n t  
form could be used i n  t h e s e  c a l c u l a t i o n s .  

E l e v a t i o n  a n g l e s  of above 15O should b e  used u n l e s s  s o m e  

S i n c e  t h e  parameters  t h a t  de te rmine  N are a l t i t u d e  dependent ,  N ,  f o r  t h e  t r o p o s p h e r e ,  
v a r i e s  i n  some f a s h i o n  from i t s  sea level v a l u e  t o  e s s e n t i a l l y  0 t o  about  6 0  km [13]. 
A s  r a d i o  r a y s  p a s s  through t h e  atmosphere from a s a t e l l i t e  t o  t h e  e a r t h ,  t h e s e  r a y s  a r e  
cont inuous ly  bent  due t o  t h e  g r a d i e n t  of N .  T h i s  bending a g a i n  is  most s e v e r e  a t  l o w  
antenna a n g l e s .  Unless  v e r y  l a r g e  an tennas  w i t h  v e r y  s m a l l  beam a n g l e s  are used ,  t h e  
bending can u s u a l l y  be ignored.  The p a t h  l e n g t h  change and r a y  bending i n  t h e  t ropo-  
s p h e r e  are e s s e n t i a l l y  independent  of f r e q u e n c i e s  below about  3 0  GEz. 

The Ionosphere 
The slowing and bending of r a d i o  waves p a s s i n g  through t h e  ionosphere  i s  due t o  t h e  

e l e c t r o n  c o n t e n t  of t h a t  r e g i o n .  The change i n  group p a t h  l e n g t h ,  A % ,  due t o  t h e  iono- 

sphere  i s  g iven  by 

S b 
= -7 J 0 Ne d R ,  

(5) 

where Ne i s  t h e  e l e c t r o n  d e n s i t y ,  b is  a f u n c t i o n  of t h e  charge  and m a s s  of an e l e c t r o n  
a s  w e l l  as t h e  p e r m e a t i v i t y  of f r e e  space and has  a v a l u e  of 1 . 6 3  x l o 3  (mks) 
The i n t e g r a t i o n  i s  a long  t h e  r a y  p a t h  t o  t h e  s a t e l l i t e .  I t  might  be noted t h a t  t h i s  
p a t h  l e n g t h  change,  u n l i k e  t h a t  caused by t h e  t r o p o s p h e r e ,  i s  i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  square  of t h e  a n g u l a r  f requency ,  w .  

are of t h e  o r d e r  of 1 m e t e r  a t  2 GHz. T h i s  w i l l  i n c r e a s e  t o  about  25 meters a t  Oo 
antenna e l e v a t i o n .  These v a l u e s  are f o r  t y p i c a l  t o t a l  e l e c t r o n  c o n t e n t  and can v a r y  
an o r d e r  of magnitude i n  e i t h e r  d i r e c t i o n .  F i g u r e  7 shows t h e  p a t h  change w i t h  r e s p e c t  
t o  antenna a n g l e ,  f o r  one r e p r e s e n t a t i v e  v a l u e  f o r  t o t a l  e l e c t r o n  c o n t e n t ,  NT, expressed  

[15]. 

P a t h  l e n g t h  changes f o r  9O0 antenna a n g l e s  

' a s  time. 

There w i l l  be  c e r t a i n  times of t h e  y e a r  or day,  and c e r t a i n  t i m e s  of t h e  sunspot  
c y c l e  where t h e  c o r r e c t i o n  t o  t h e  group d e l a y  caused by t h e  ionosphere must be a d j u s t e d .  
The t o t a l  e l e c t r o n  c o n t e n t  may be w r i t t e n  as 

where Ai and 
beginning of 
t r o n  c o n t e n t  

NT = Ai [l + (Bi/Ai)  ( R Z - 4 0 q  x 1 0  1 7  , 
L J 

Bi a r e  v a r i a b l e s  t h a t  depend upon t h e  number of days e lapsed  from t h e  
t h e  y e a r ,  and RZ i s  t h e  Zurich sunspot  number 1161. When t h e  t o t a l  e l e c -  

has  been determined from eq ( 6 )  , A t ,  t h e  change i n  group p a t h  l e n g t h ,  may 
be computed us ing  t h e  f o l l o w i n g  equat ion  r a t h e r  t h a n  eq ( 5 ) .  

A & =  ( QNTfLft ) meters -7 (7) 
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where b and w are d e f i n e d  as i n  eq ( S ) ,  Q i s  t h e  o b l i q u i t y  f a c t o r ,  f L  i s  a l a t i t u d e  
compensating f a c t o r  and f t  i s  a time-of-day compensating f a c t o r  [16 ,  1 7 ) .  

5 . 2 .  SATELLITE MOTION 

Any g e o s t a t i o n a r y  s a t e l l i t e  i s  i n  c o n s t a n t  , a l though minor , motion wi th  r e s p e c t  
t o  any p o i n t  on t h e  e a r t h ' s  s u r f a c e .  F igu re  E *  shows t h e  c u r v e s  of s a t e l l i t e  d i s t a n c e ,  
v e l o c i t y  and acceleration versus e l apsed  time from t h e  ascending  node wi th  r e s p e c t  
t o  t h e  CDA s t a t i o n  a t  Wallops I s l a n d ,  V i r g i n i a .  The  maximum r e l a t i v e  v e l o c i t y  i s  about  
27 meters /second.  Ranging and t i m e  t r a n s f e r  should t a k e  p l a c e  w i t h i n  no more t h a n  
about  10 m i l l i s e c o n d s  of each o t h e r  t o  keep t h e  e r r o r  due t o  s a t e l l i t e  range  r a t e  t o  
an a c c e p t a b l e  minimum. A c t u a l l y ,  f o r  t h e  system under s tudy  t h e  d i f f e r e n c e  i n  t i m e  
between r ang ing  and t i m e  t r a n s f e r  w i l l  be on t h e  o rde r  of 1 m i l l i s e c o n d .  

5 . 3 .  SATELLITE LOCATION ERRORS 

I n  o r d e r  t o  e v a l u a t e  t h e  magnitude of t iming e r r o r s  caused by i n a c c u r a t e  knowledge 
of ground s t a t i o n  l o c a t i o n s ,  i t  is f i r s t  necessa ry  t o  estimate t h e  v a l u e s  of t h e  errors 
i n  ground p o s i t i o n .  The doppler  r e c e i v e r  l o c a t i o n s  are known w i t h  an e s t ima ted  one- 
sigma p o s i t i o n  e r r o r  of  less t h a n  17 meters (root sum squa re  of t h e  10 meter error i n  
each  c o o r d i n a t e ) .  To c a l c u l a t e  t h e  errors f o r  t h e  f i r s t  order t r i l a t e r a t i o n ,  one must 

know t h e  d i s t a n c e  between each  of  t h e  t r i l a t e r a t i o n  s t a t i o n s .  T h i s  may be  estimated as 
8000  km (Wallops-Hawaii, 8030 km; Wallops-Santiago, 7960 -km; Wallops-Ascension, 8070 km; 
Hawaii-Sant iago,  9080 km;  Sant iago-Ascension,  6370 km) . The maximum error i n  t h i s  d i s -  

t ance  is between one p a r t  i n  l o 5  and one p a r t  i n  lo6 as  s p e c i f i e d  fo r  i n t e r c o n t i n e n t a l  
surveys ;  i . e . ,  between 8 and 80 meters [lo]. The 17 meter error f o r  t h e  doppler  r e c e i v e r  

i s  probably  a workable f i g u r e  f o r  bo th  t y p e s  of surveying .  

The assumed one sigma e r r o r  of 17 meters w i l l  c ause  a p r o p o r t i o n a t e  e r r o r  i n  t h e  
p o s i t i o n  of  t h e  s a t e l l i t e  which may be c a l u c l a t e d  from t h e  t r i l a t e r a t i o n  formula [181. 
For  t h e  p a r t i c u l a r  ground s t a t i o n s  of GOES t r i l a t e r a t i o n  and t h e  assumed s a t e l l i t e  po- 
s i t i o n ,  t h e  maximum disp lacement  of t h e  s a t e l l i t e  due t o  ground s t a t i o n  p o s i t i o n  e r r o r s  

i s  approximate ly  400 m e t e r s .  I t  should be emphasized t h a t  whatever  t h e  e r r o r  i s  i n  
s a t e l l i t e  p o s i t i o n ,  i t  w i l l  n o t  va ry  s i g n i f i c a n t l y  and t h e  n e t  e f f e c t  w i l l  be t o  i n t r o -  
duce a c o n s t a n t  b i a s  t o  t h e  c a l c u l a t e d  d e l a y s .  

The amount of b i a s  in t roduced  i n  t h i s  manner i s ,  of  cour se ,  a f u n c t i o n  of re- 

c e i v i n g  s i t e  a s  w e l l  a s  of t h e  e r r o r  i n  s a t e l l i t e  p o s i t i o n .  I n  o r d e r  t o  e v a l u a t e  t h e  
t iming p o t e n t i a l  of t h i s  system w i t h i n  t h e  s p e c i f i e d  a r e a  of i n t e r e s t ,  6 6  s i t es  w e r e  

chosen t o  comprehensively cover  t h e  l o n g i t u d i n a l  and l a t i t u d i n a l  ex tend  of t h e  c o n t i -  
n e n t a l  Uni ted  States .  The range  between t h e  s a t e l l i t e  and each  of t h e s e  ground s t a t i o n s  
was de te rmined  from two s a t e l l i t e  l o c a t i o n s :  (1) t h e  assumed " t r u e "  l o c a t i o n  and ( 2 )  
t h e  "er roneous"  s a t e l l i t e  l o c a t i o n  caused by e r r o r s  i n  knowledge of  t h e  l o c a t i o n  of t h e  
t h r e e  t r i l a t e r a t i o n  s t a t i o n s .  The e r roneous  s a t e l l i t e  l o c a t i o n  was t h e  one of maximum 
( 4 0 0  m )  d i sp lacement  i n  t h e  s a t e l l i t e ' s  p o s i t i o n .  The d i f f e r e n c e  between t h e s e  two 
range c a l c u l a t i o n s  i s  shown i n  t a b l e  2 t o  t h e  n e a r e s t  meter. The 6 4  meter maximum 
range e r r o r  i m p l i e s  an a b s o l u t e  t i m e  synchron iza t ion  of 0 . 2  microsecond one sigma, 

w i th in  t h i s  l i m i t e d  geographic  a r e a .  The average range error was approximately 40  

%*The i n i t i a l  p o s i t i o n  of t h e  f i r s t  GOES s a t e l l i t e  (GOES-A)  w i l l  p robably  be 100°  W e s t  
l ongi tude6  f o r  95 w i l l  change by about  1 . 5 %  due 
t o  t h i s  5 s h i f t  i s  s a t e l l i t e  l ong i tude .  

The range v a l u e s  shown i n  f i g u r e  8 
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m e t e r s  wi th  a s t a n d a r d  d e v i a t i o n  of 1 3  meters. This  i m p l i e s  a r e l a t i v e  t ime synchro- 
n i z a t i o n  w i t h i n  t h e  c o n t i n e n t a l  United States of approximately 4 0  nanoseconds one 
sigma, and a n  average o f f s e t  from an a r b i t r a r y  t i m e  scale of 120  nanoseconds. It 
should be once more emphasized t h a t  t h e s e  f i g u r e s  r e p r e s e n t  o u t s i d e  maximum v a l u e s  f o r  
errors.  The a c t u a l  system may have s i g n i f i c a n t l y  less p o s i t i o n i n g  error and b i a s  t h a n  
have been estimated h e r e .  

5 . 4 .  EQUIPMENT DELAYS AND INSTABILITIES 

Another s o u r c e  of error i n  t i m e  t r a n s f e r  i s  equipment d e l a y  i n s t a b i l i t y .  For t h e  
ranging  system, g r e a t  c a r e  has  been t a k e n  t o  i n s u r e  shor t - te rm s t a b i l i t y  of t h e  TARS 

s t a t i o n s .  The s i g n a l  through t h e  TARS i s  down-converted t o  7 0  FlHz and f i l t e r e d  w i t h  
a bandwidth of 1 MHz. T h i s  f i l t e r  i s  t h e  o n l y  VHF narrowband d e v i c e  i n  t h e  TARS and 
consequent ly  much a t t e n t i o n  has  been g i v e n  t o  i t s  des ign .  Long-term d r i f t  of IF s t a g e s ,  
a m p l i f i e r s ,  and t h e  l i k e  i s  i n  t h e  o r d e r  of 10% of one c y c l e  a t  t h e  p a r t i c u l a r  o p e r a t i n g  
frequency.  A t  70  MHz,  t h i s  d r i f t  would be i n  t h e  o r d e r  of 2 nanoseconds.  A t  t h e  h i g h e r  
f r e q u e n c i e s ,  t h e  d r i f t  i s  even less. 

The d e l a y  through t h e  CDA equipment, bo th  t r a n s m i t t i n g  and r e c e i v i n g ,  i s  measured 
p r i o r  t o  each range  measurement; t h e r e f o r e ,  it i s  a u t o m a t i c a l l y  t a k e n  care of i n  t h e  
ranging  program. 

The d e l a y s  i n  t h e  r e c e i v i n g  system f o r  a t i m e  t r a n s f e r  s t a t i o n  must be t a k e n  i n t o  
account  w i t h  t h e  same c a r e  a s  w a s  a p p l i e d  t o  t h e  TARS s t a t i o n s .  A l s o  t h e  t r a n s m i t t i n g  
d e l a y  a t  t h e  CDA s t a t i o n  must be monitored s e p a r a t e l y  f o r  t i m e  t r a n s f e r .  The d e l a y  
a t  t h e  CDA t h a t  i s  measured f o r  t h e  range c a l c u l a t i o n  does  n o t  s e p a r a t e  t h e  r e c e i v e  
d e l a y  from t h e  t r a n s m i t  d e l a y .  

5.5. EFFECTS OF NOISE ON TIME TRANSFER 

I n  s e c t i o n  2 ,  t h e  t h e o r e t i c a l  c o n s i d e r a t i o n s  of n o i s e  were p r e s e n t e d  f o r  t h e  
s i d e t o n e  system, 

where f i s  t h e  frequency of a p a r t i c u l a r  s i d e t o n e .  Note how t h i s  range e r r o r  i s  e f f e c t e d  
by t h e  s i g n a l - t o - n o i s e  power r a t i o  (S/N). I f  t h e  range  error due t o  n o i s e  i s  unaccept-  
a b l e ,  averaging  techniques  may be a p p l i e d  t o  reduce  t h a t  error provided t h e  n o i s e  i s  
u n c o r r e l a t e d .  The range  error may a l s o  be reduced by i n c r e a s i n g  S/N.  

done by narrowing t h e  e f f e c t i v e  bandwidth us ing  a s u i t a b l e  f i l t e r .  
be a p p l i e d  u s i n g  some c a u t i o n .  Equat ion 8 g i v e s  t h e  range  error ,  AR, f o r  a sincrle phase  
measurement. AR w i l l  be reduced by a f a c t o r  M ,  i f  M i s  t h e  number of independent phase 
measurements t a k e n  d u r i n g  t h e  averaging p r o c e s s .  The independence of t h e  samples i s  of 
prime importance when c o n s i d e r i n g  an averaging  process .  The number of independent  
samples o r  measurements taken  i s  r e l a t e d  t o  t h e  tone  f requency ,  f ,  on ly  i f  t h e  
e f f e c t i v e  bandwidth i s  g r e a t e r  t h a n  2f .  If t h e  bandwidth i s  less t h a n  2 f ,  t h e  maximum 
number of independent  samples a v a i l a b l e  i s  r e l a t e d  t o  t h e  bandwidth of t h e  f i l t e r .  

T h i s  can b e  
Both techniques  may 

6 .  GENERAL LOGISTICS 

The t e r m  g e n e r a l  l o g i s t i c s  is  t a k e n  t o  i n c l u d e  t h e  d e t a i l s  of s p e c i f y i n g  components 

and s p a r e s ,  of o p e r a t i o n a l  and maintenance p e r s o n n e l ,  and of o v e r a l l  annual  c o s t s .  
Environment, a u x i l i a r y  power, and g e o g r a p h i c a l  l o c a t i o n  f o r  t h e  t iming  s i t e  w i l l  be  
mentioned . 
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6 . 1 .  SYSTEM ENVIRONMENTAL CONSIDERATIONS 
Good phase s t a b i l i t i e s  i n  a t iming  system depends on a c a r e f u l l y  c o n t r o l l e d  envi -  

ronment. I n  t h e  GOES r ang ing  system, t h e  TARS s t a t i o n ' s  e l e c t r o n i c s  a r e  housed i n  spe-  
c i a l  foam i n s u l a t e d  rooms whose h e a t i n g  and coo l ing  systems ma in ta in  t h e  ambient i n s i d e  

tempera ture  a t  2 1  C (70°F) i n  an  o u t s i d e  tempera ture  r anqe  of -57OC (-70°F) t o  49OC 

(12O0F). The phase  s h i f t  s t a b i l i t y  th rough d i v i d e r s ,  c l o c k s ,  m u l t i p l i e r s  and o t h e r  
components of a t iming  system is  no less c r i t i c a l l y  dependent  upon tempera ture .  

0 

Probably t h e  m o s t  env i ronmen ta l ly  s e n s i t i v e  component i n  t h e  t iming  system is t h e  
cesium s t anda rd .  The phase  s t a b i l i t y  of a s t anda rd  of t h i s  t y p e ,  o r  any o t h e r  t y p e ,  
is  a l s o  dependent  t o  some e x t e n t  upon l i n e  v o l t a g e  r e g u l a t i o n .  A l l  t i m e  and f requency  
equipment a t  t h e  NBS h igh  f requency  r a d i o  s t a t i o n s  i s  powered by r e g u l a t e d  v o l t a o e  
s u p p l i e s .  When on occas ion ,  a r e g u l a t o r  has  f a i l e d ,  t h e  phase s t a b i l i t y  of  t h e  a f f e c t e d  
equipment was obv ious ly  dec reased .  

F igu re  9 is a r e p r e s e n t a t i v e  24-hour sample o f  t h e  phase in tecompar isons  of t h e  
t h r e e  cesium s t a n d a r d s  a t  s t a t i o n  WWV i n  F t .  C o l l i n s ,  Colorado.  I t  should n o t  be  
i n f e r r e d  from f i g u r e  9 t h a t  any t h r e e  cesium s t anda rds  a t  wide ly  s e p a r a t e d  l o c a t i o n s  
could be p l aced  i n  s e r v i c e  and ach ieve  t h i s  degree  of f requency  synchron iza t ion  wi thou t  
any expend i tu re  of  t i m e  and e f f o r t .  

The a b s o l u t e  f requency  o u t p u t  of  a commercial cesium s t a n d a r d  w i l l  be  s p e c i f i e d  
p l u s  o r  minus some v a l u e ,  e . g . ,  5 MHz f The ad jus tments  t h a t  must be made t o  
b r ing  t h e  f r equenc ie s  of a sample of u n i t s  i n t o  synchronism are t i m e  consuminq because  
a s  one works wi th  frequency d i f f e r e n c e s  of between 1 x and 1 x no th ing  
much happens ve ry  f a s t .  I t  might  t a k e  days of  measurements b e f o r e  a sys t ema t i c  f requency  
o f f s e t  i s  even d e t e c t e d .  The re fo re ,  t h e  i n i t i a l  e f f o r t  r e q u i r e d  a t  each r e c e i v i n q  s i te  
i s  cons ide rab ly  g r e a t e r  t h a n  t h e  ongoing e f f o r t  a f t e r  f requency  synchron iza t ion  is  
achieved.  

Also, it i s  n o t  p o s s i b l e  t o  synchronize  a l l  u n i t s  a t  a c e n t r a l  l o c a t i o n  and t h e n  
deploy them. Some of t h e  ad jus tmen t s  p e r t a i n  t o  t h e  p a r t i c u l a r  s i t e  involved .  Th i s  
i n c l u d e s  geograph ica l  l o c a t i o n ,  t h e  b u i l d i n g  and room housinq t h e  s t a n d a r d ,  p re sence  of 
l o c a l  mine ra l  d e p o s i t s ,  l o c a l  e lec t r ic  l i n e s ,  e tc .  

The c locks  t h a t  a r e  deployed  a t  t h e  r e c e i v i n g  s i t e  r a t e  s p e c i a l  a t t e n t i o n  a l s o .  
An e l e c t r o n i c  c lock  i s  no th ing  m o r e  t h a n  a set of d i v i d e r s  t h a t  a r e  a r ranqed  i n  a 
f a sh ion  such  t h a t ,  f o r  N i n p u t  c y c l e s ,  p u l s e s ,  o r  e l e c t r i c a l  e v e n t s ,  t h e  clock d e l i v e r s  one 
ou tpu t  p u l s e .  These o u t p u t  p u l s e s  are then  added,  and t h e  sum d i sp layed  o r  r eco rded .  
I t  i s  impor tan t  t h a t  no ex t r aneous  p u l s e  i s  allowed t o  g e t  i n t o  t h e  system. Line  
v o l t a g e  t r a n s i e n t s ,  s u r g e s ,  s t a t i c  e l e c t r i c i t y ,  l i g h t n i n g  d i s c h a r g e ,  and poor ly  
grounded c i r c u i t s ,  are a l l  p o t e n t i a l  problem a r e a s .  These problems can be  minimized 
by o p e r a t i n g  a l l  on - l ine  equipment from b a t t e r i e s .  This  of c o u r s e ,  adds t o  t h e  main- 
tenance  problem, b u t  f o r  t h e  t iming  system, it i s  e s s e n t i a l .  The microwave and UHF 
r e c e i v i n g  systems are n o t  a s  s u s c e p t i b l e  t o  t h i s  type  of problem, h u t  backup power 

systems should  s t i l l  be provided .  

6 . 2 .  RECEIVING S I T E  EQUIPMENT COMPLEMENT 

The equipment a t  a t y p i c a l  b a s i c  t iming  s i t e  might c o n s i s t  o f :  
1. A cesium s t anda rd .  
2 .  A U H F  r e c e i v i n g  system t h a t  i s  tuned t o  t h e  GOES i n t e r r o g a t i o n  

channe l ,  (see Appendix A ) .  
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3 .  A decoder  used i n  con junc t ion  wi th  t h e  UHF system t o  provide  
t h e  ranging  informat ion .  

s a t e l l i t e  v i a  t h e  ranging  channe l ,  (see Appendix A ) .  

measurement. 

4 .  The microwave system t h a t  receives t h e  t iming  s i g n a l s  from t h e  

5 .  The t i m e  i n t e r v a l  coun te r  t h a t  makes t h e  a c t u a l  t i m e  d i f f e r e n c e  

6 .  A se t  of l o c a l  c locks .  
To t h i s  b a s i c  l ist  must be added t h e  b a t t e r y  backup sys tems,  s h i e l d e d  enc losu res  ( i f  
n e c e s s a r y ) ,  r ack  s p a c e ,  and s p a r e s .  If t h e  s i te  is  t o  be f u l l y  au tomat i c ,  a sma l l  c o m -  
p u t e r  and a d i g i t a l l y  c o n t r o l l e d  phase s h i f t e r  must be added. The hardware i n t e r f a c i n g  

and t h e  so f tware  requi rements  make a f u l l y  au tomat ic  system exceedingly  expens ive ,  and 
added c o s t  should be weighted v e r y  c a r e f u l l y  a g a i n s t  t h e  c o s t  of a manual o p e r a t i o n .  

6 . 3 .  PERSONNEL REQUIREMINTS 

In  d i s c u s s i n g  pe r sonne l  r equ i r emen t s ,  w e  r e f e r  t o  t h e  expe r i ence  aa ined  by NBS i n  
o p e r a t i n g  t h e  v a r i o u s  NBS f i e l d  s i tes  as w e l l  a s  i n  ma in ta in ing  t h e  NBS f requency  s t and-  
a r d  and t i m e  s c a l e .  The c o n t r o l  room a t  r a d i o  s y s t i o n  W W T  c o n t a i n s  a t r i p l y  redundant  
set of t iming  systems.  The t ime  s i g n a l  o r i g i n a t e s  a t  a commercial cesium beam s t and-  
a rd  and p rogres ses  through sets o f  d i v i d e r s  and a manual phase  s h i f t e r  t o  t h e  format  
gene ra to r .  The fo rma t  g e n e r a t o r  c o n t r o l s  t h e  b roadcas t  format  and g e n e r a t e s  t h e  v a r i o u s  
t o n e s ,  codes and t i m e  t i c k s .  Also  i n  t h e  c o n t r o l  room is a l l  t h e  measuring equipment 
r equ i r ed  t o  moni tor  t h e  t h r e e  systems:  phase d e t e c t o r s  used f o r  i n t e rcompar i sons ,  c h a r t  
r e c o r d e r s ,  t ime i n t e r v a l  c o u n t e r s ,  and t h e  l i k e .  

During t h e  p e r i o d  A p r i l  1 9 7 0  through December 1 9 7 2 ,  f o r t y  e n t r i e s  were made i n  t h e  
WWV maintenance l o g s .  Many related t o  s imple  ad jus tment  and s o m e  t o  replacements  of 

p e r i p h e r a l  equipment. But most of t h e  items dea l t  w i th  e r ra t ic  clock behavior .  Th i s  
exper ience  suppor t s  o u r  c o n t e n t i o n  t h a t  s h i e l d i n g  t h e  c lock  systems from o u t s i d e  d i s -  
t u rbances  i s  most impor t an t .  W e  estimate t h e  t o t a l  t i m e  t o  make t h e s e  ad jus tmen t s ,  
change components, and make r e p a i r s ,  t o  be twenty manhours f o r  about  1,000 d a y s ,  o r  
a few minutes  p e r  day.  I n  a d d i t i o n  r o u t i n e  measurement ad jus tments  consume about  ano the r  
twenty minutes  p e r  day. The re fo re ,  a f t e r  i n i t i a l  shake down, modern t iming  equipment 
is remarkably r e l i a b l e ,  and normal maintenance personnel  should be  a b l e  t o  absorb  t h e  
added d u t i e s .  

6 . 4 .  COMPONENT RELIABILITY AND MEAN-TIME-BEFORE-FAILURE 

There w i l l  b e  some s i g n i f i c a n t  maintenance t a s k s  from t i m e  t o  t i m e  t h a t  have n o t  

y e t  been mentioned. Nickel-cadmium b a t t e r i e s  should be cyc led  every  few months and 
should be r ep laced  every  one t o  t w o  y e a r s .  The beam tubes  i n  t h e  cesium s t a n d a r d s  
have a guaranteed  l i f e  of t h r e e  y e a r s  and some models i n  l a b o r a t o r y  environments  e x h i b i t  
mean time b e f o r e  f a i l u r e  (MTBF) of something i n  t h e  o r d e r  of 2 0 , 0 0 0  hours .  The f a i l u r e  
r a t e  f o r  t h e  s a t e l l i t e  p o s i t i o n  decoder  and t h e  mini-computer w i l l  p robably  be t h e  h i g h e s t  
of all components s imply  because  of t h e  compl ix i ty  of t h e s e  i t e m s .  A c o n s e r v a t i v e  e s t i -  
mate of t h e  MTBF f o r  t h e s e  u n i t s  miqht  be  5 , 0 0 0  t o  1 0 , 0 0 0  hours .  There i s  ev idence  t h a t  

sugges t s  t h a t  cont inuous  o p e r a t i o n  should  be d iscouraged .  For  example, t h e  TARS u n i t s  
have a t o t a l  system MTBF e s t i m a t e  of about  7 , 0 0 0  hours  which is  n o t  ve ry  long u n t i l  one 
cons ide r s  t h a t  many of t h e  TARS components are powered on ly  d u r i n g  t h e  ranging  sequence.  
F igu re  1 0  l i s t s  t h e  f a i l u r e  r a t e s  f o r  t h e  v a r i o u s  TARS components. 

2 3  
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6 . 5 .  POWER REQUIREMENTS 

The power requirement  f o r  t h e  t iming  system and computer is  about  9 0 0  w a t t s .  The 
computer consumes about  300 w a t t s ,  t h e  most power consuming component i n  t h e  system. 
This  power consumption, could  d i c t a t e  t h a t  t h e  system o p e r a t i o n  i n c l u d e  s tandby mode f o r  
some i t e m s  t h a t  are used o n l y  a few minutes  p e r  day. 

6.6. SPARES C O M P L E M E N T  

The s p a r e s  complement f o r  each r e c e i v i n g  s i t e  should be cons idered  on an i n d i v i d u a l  

b a s i s .  For example, t h e  overall  s p a r e s  complement of a C e n t r a l  Process ing  U n i t  would 
be determined by t h e  f a i l u r e  rate of t h a t  component i n  t h a t  p a r t i c u l a r  computer. W e  

f e e l  t h a t  MTBF informat ion  should be r e q u i r e d  from t h e  manufac turer .  I f  n e c e s s a r y ,  
t h e  f a i l u r e  rates can be computed f r o m  b a s i c  in format ion  on t h e  number Of Components 
on each p lug  i n  card .  The v a r i o u s  c a r d s  i n  t h e  UHF decoder ,  t h e  time i n t e r v a l  c o u n t e r ,  
and o t h e r  u n i t s  should  be t r e a t e d  t h e  same way. F a i l u r e  of main frames on items l i k e  
computer c o u n t e r s  and decoders  i s  somewhat more s e r i o u s  than  c a r d  f a i l u r e s .  T h i s  is  

because t h e  main frame c o n t a i n s  t h e  power supply which i s  more t i m e  consuming t o  f i x ,  
t a k e s  more tools ,  and w i l l  t a k e  t h e  e n t i r e  machine o u t  of service. One s o l u t i o n  i s  t o  
r e q u i r e  modular power s u p p l i e s ;  a n o t h e r  i s  t o  have an e n t i r e  main frame spare .  All t h a t  
would b e  r e q u i r e d  then  would be t o  move t h e  plug-in c a r d s  from one u n i t  t o  another .  

Probably t h e  b e s t  s o l u t i o n  would be t o  r e q i u r e  t h e  t o t a l  system d e s i g n e r  t o  de- 
termine t h e  f a i l u r e  ra tes  of a l l  t h e  assembl ies  and sub-assemblies ,  main frames,  and even 
components l i k e  power t r a n s f o r m e r s .  T h i s  should determine t h e  k i n d s  and numbers of s p a r e s  
t o  be procured f o r  t h e  t o t a l  t iming  systems. The deployment of t h e s e  s p a r e s  should b e  
determined on a g e o g r a p h i c a l  and l o g i s t i c a l  b a s i s  by t h e  a c t u a l  s i t e  l o c a t i o n s .  

7 .  SUMMARY OF T I M I N G  BIASES 

The T i m e  and Frequency D i v i s i o n  of NBS has completed a s t u d y  t o  de te rmine  t h e  
f e a s i b i l i t y  of one-way t i m e  t r a n s f e r  u t i l i z i n g  t h e  t r i l a t e r a t i o n  ranging  system of t h e  
GOES s a t e l l i t e s .  The e f f e c t s  of n o i s e  i n  t h e  channel ,  t h e  propagat ion  medium, t h e  
s i t e  l o c a t i o n s ,  and t h e  r a n g i n g  system equipment were examined i n  some d e t a i l .  The 
e r r o r s  a s s o c i a t e d  w i t h  t h e s e  a s p e c t s  are summarized below. 

The Ranging System 
The f i n a l  d e s i g n  p l a n  f o r  t h e  GOES ranging  system l i s t s  t h e  f o l l o w i n g  range  e r r o r s  

f o r  t h e  200 kHz tone :  t o t a l  random errors, 2 . 2  nanoseconds (RMS); t o t a l  s y s t e m a t i c  
e r r o r s ,  3.0 nanoseconds (RMS). The random and sys temat ic  e r r o r  sources  are such t h a t  
they may be a p p l i e d  t o  an independent  r e c e i v i n g  s i te  also. The range system s y s t e m a t i c ,  
random, and peak e r r o r s  w i l l  be  found i n  tables 3 ,  4 ,  1, r e s p e c t i v e l y .  

The Troposphere 
With an antenna e l e v a t i o n  a n g l e  of zero  degrees  (wors t  c a s e ) ,  t h e  p r e d i c t e d  change 

i n  r a d i o  p a t h  l e n g t h  t o  t h e  s a t e l l i t e  due t o  t r o p o s p h e r i c  e f f e c t s  i s  i n  t h e  o r d e r  of 
1 0 0  meters w i t h  a p o s s i b l e  v a r i a t i o n  of f 50 meters due t o  extremes i n  r e f r a c t i v i t y .  
But wi th  t h e  GOES sa te l l i tes  s t a t i o n e d  a t  65OW and 13SoW, t h e  range  e r r o r  due t o  t h e  
t roposphere  goes down c o n s i d e r a b l y  f o r  a l l  l o c a t i o n s  i n  t h e  United S t a t e s .  For  mid- 
A t l a n t i c  seaboard s t a t i o n s  t r a c k i n g  t h e  e a s t e r n  s a t e l l i t e ,  t h e  antenna e l e v a t i o n  a n g l e s  
w i l l  be i n  t h e  o r d e r  of  4 0  t o  50 degrees .  For antenna e l e v a t i o n  a n g l e s  g r e a t e r  than  
15' above t h e  h o r i z o n ,  t h e  r a d i o  p a t h  l e n g t h  change i s  p r e d i c t e d  t o  be i n  t h e  o r d e r  of 
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1 0  meters. 
e r r o r  c o n t r i b u t e d  t o  t h e  t o t a l  by t h e  t roposphe re .  

A v a l u e  of 15O antenna e l e v a t i o n  ang le  has been used when c o n s i d e r i n g  t h e  

The Ionosphere 
The p r e d i c t e d  p a t h  l e n g t h  change due t o  t h e  e f f e c t s  of t h e  ionosphere can be cal- 

c u l a t e d  f a i r l y  a c c u r a t e l y  i f  t he  e l e c t r o n  d e n s i t y  o r  t o t a l  e l e c t r o n  c o n t e n t  is  known 
a t  t h e  time and p l a c e  of ranging.  Lawrence e t  a l . ,  [151 have i n d i c a t e d  t h a t  t h e  p a t h  
l e n g t h  change f o r  z e n i t h  a n g l e s  and a frequency of 2 G H z  i s  i n  t h e  o r d e r  of one meter 
with a p o s s i b l e  v a r i a t i o n  of an o r d e r  of magnitude i n  e i t h e r  d i r e c t i o n .  Tables  produced 
by Hughes A i r c r a f t  Co. [171 conduct ing  s t u d i e s  on t h e  atmospheric  e f f e c t s  on t h e  
NAVSAT r ang ing  s i g n a l s  i n d i c a t e  a r ange  (time) change i n  t h e  o r d e r  of 82  nanoseconds 
with an RMS v a r i a t i o n  of 2 4  nanoseconds f o r  an antenna e l e v a t i o n  a n g l e  of z e r o  d e g r e e s .  
The e r r o r s  a long t h e  mid -At l an t i c  seaboard ( ang le  -45'1 would be i n  t h e  o r d e r  of 3 3  
nanoseconds w i t h  an RMS e r r o r  of 9 nanoseconds. For s t a t i o n s  o p e r a t i n g  a t  low antenna  
a n g l e s ,  t h e s e  c o r r e c t i o n s  a long  w i t h  a d d i t i o n a l  r e f e r e n c e s  l i k e  sunspo t  number, should 
be app l i ed .  

S i t e  Loca t ion  
From our  own s t u d i e s  of geodesy, and d i s c u s s i o n s  w i t h  t h e  g e o d e t i c  squadron p e r -  

sonnel  of Warren AFB, Cheyenne, Wyoming, w e  have a r r i v e d  a t  a v a l u e  of 17 meters a s  a 
probable  maximum sa t e l l i t e  r ange  e r r o r  due t o  s i te  l o c a t i o n  e r r o r s .  Experiments have 
i n d i c a t e d  t h a t  s a t e l l i t e  dopp le r  r e c e i v e r  d a t a  would l o c a t e  an e a r t h  p o i n t  w i t h  r e f e r -  
ence t o  some s a t e l l i t e  o r b i t  w i t h  an e r r o r  of l m e t e r  i n  each c o o r d i n a t e .  I t  has  been 
e s t ima ted  t h a t  t h i s  would a l low d e t e r m i n a t i o n  of an e a r t h  p o i n t  l o c a t i o n  with r e s p e c t  
t o  t h e  mass c e n t e r  of t h e  e a r t h  t o  about  10  meters i n  each c o o r d i n a t e  [ 1 9 1 .  I n  t h i s  
paper w e  have used a v a l u e  of 30  meters a s  a s a f e  e s t i m a t e  of t h e  RMS range e r r o r  t o  a 
r e c e i v i n g  s i t e  caused by g e o d e t i c  c o n s i d e r a t i o n s .  

Receiving S i t e  Equipment 
The random and s y s t e m a t i c  t iming e r r o r s  o r  b i a s e s ,  found i n  t a b l e s  3 and 4 ,  t h a t  

would apply t o  a r e c e i v i n g  s i te  have been en te red  i n t o  t h e  b i a s  summation. 
ce iv ing  equipment a s  w i t h  t h e  CDA and TARS equipments c o n t r i b u t e s  t o  sume f i x e d  t i m e  d e l a y .  
These d e l a y s  must be measured and removed from t h e  t i m e  t r a n s f e r  computations.  

The re- 

8 .  CONCLUSION 

Table 5 l i s ts  t h e  v a r i o u s  s o u r c e s  of t iming b i a s e s ,  t h e i r  u n c e r t a i n t i e s ,  and the 
summation. The u n c e r t a i n t i e s  of t h e  v a r i o u s  c o n t r i b u t i n g  f a c t o r s  a r e  wi th  r e s p e c t  t o  
t h e  r e p r e s e n t a t i v e  antenna e l e v a t i o n  ang le s  t h a t  were p r e v i o u s l y  mentioned. The r o o t -  
sum-square (RSS) of a l l  b i a s  u n c e r t a i n t i e s  i n d i c a t e s  t h a t  a t i m e  synchron iza t ion  between 
a r e c e i v i n g  s i t e  and t h e  CDA master c lock  could be achieved wi th  an accuracy  of - 0 .3  

microseconds ( 3  s igma) .  
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APPENDIX A 

SMS/GOES FREQUENCY PLAN 

Receiving:  

401.7 MHz t o  401.85 MHz 
50 s e l f - t i m e d  3 kHz channels  f o r  Data Collection Pla t fo rm Radio sets 
(DCPRS)  r e p o r t s .  

4 0 1 . 8 5  MHz t o  402.0 MHz 
1 0 0  i n t e r r o g a t e d  1.5 kHz channe l s  f o r  DCPRS r e p o r t s .  

402.0 MHz t o  402.1 MHz 
Spare channe l s  

2025.0 MHz t o  2033.2 MHz 
Ranging or s t r e t c h e d  V i s i b l e  or I n f r a r e d  Spin-Scan Radiometer (VISSR), 
a l s o  WEFAX. 

2034.2 MHz C 30 kHz 

Command from CDA 

2034.9 MHz f 5 kHz 
DCPRS i n t e r r o g a t i o n  from CDA, a l s o  s p e c i a l  time code i n  time s h a r i n g  mode. 

T ransmi t t i ng  : 

468.825 MHz C 5 kHz 
DCPRS i n t e r r o g a t i o n  and s p e c i a l  t i m e  code i n  t i m e  s h a r i n g  mode. 

1687.6 MHz t o  1695.6 MHz 
Wideband VISSR 

1685.0 MHz t o  1693.2 MHz 
Ranging o r  s t r e t c h e d  VISSR 

1690.1 MHz ? 25 kHz 
WEFAX 

1694.0 MHz f 100 kHz 
Telemetry beacon 

1694.5 MHz * 200 kHz 
DCPRS r e p o r t s  

Note: Wideband VISSR, s t r e t c h e d  VISSR, ranging and WEFAX a r e  t ime-shared  f u n c t i o n .  
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Append ix  A c o n t i n u e d .  

CDA L i n k :  
U p  l i n k  
Down l i n k  

TARS I L i n k :  
Up l i n k  
Down l i n k  
Up l i n k  
Down l i n k  

TARS I1 L i n k :  
Up l i n k  
Down l i n k  
Up l i n k  
Down l i n k  

Receive S i t e  L i n k :  
Up l i n k  
Down l i n k  

LINK FREQUENCY PLAN 
SMS/GOES 

RANGING SYSTEM 

2026 .0  MHz 
1 6 8 4 . 0  MHz 

2026.0  MHz 
1 6 8 4 . 0  MHz 
2030 .2  MHz 
1 6 8 8 . 2  MHz 

2026.0  MHz 
1 6 8 4 . 0  MHz 
2032.2  MHz 
1 6 9 0 . 2  MHz 

2026 .0  MHz 
1 6 8 4 . 0  MHz 

CDA t o  SMS/GOES 
SMS/GOES to CDA 

CDA t o  SMS/GOES 
SMS/GOES to TARS I 
TARS I t o  SMS/GOES 
SMS/GOES to CDA 

CDA t o  SMS/GOES 
SMS/GOES t o  TARS I1 
TARS I1 t o  SMS/GOES 
SMS/GOES to CDA 

CDA to SMS/GOES 
SMS/GOES to S i t e  
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APPENDIX B 

POWER BUDGET: 

LINK 1 CDA TO SMS/GOES 

Transmi t t e r  Power 
Transmi t t e r  Antenna Gain 
Transmi t t e r  Line  L o s s  
T ransmi t t e r  O f f  B e a m  Center  L o s s  

(Angle i n  Degrees) 
F ree  Space L o s s  

P o l a r i z a t i o n  Loss 
Receiver  Antenna Gain 
Receiver  Off Beam Center  Loss 
(Angle i n  Degrees) 
Receiver  Line  Loss 
Receiver  I n p u t  Power Level 

System Noise Temperature 
Boltzman’s Cons tan t  
Receiver  Inpu t  N o  

Receiver Inpu t  C/No 
O v e r a l l  C/No  

Receiver  Bandwidth 

Receiver  Bandwidth 
Receiver  Output  C / N  

L i m i t e r  Improvement 
Transmi t t e r  Output C/N 

LINK 2 SMS/GOES TO CDA 

Transmi t t e r  Power 
Transponder Power Sha r ing  L o s s  

T ransmi t t e r  Line  L o s s  

T ransmi t t e r  Antenna Gain 
Transmi t t e r  O f f  Beam Center  Loss 

(Angle i n  Degrees)  
F ree  Space L o s s  

P o l a r i z a t i o n  Loss 
Receiver  Antenna Gain 
Receiver  O f f  B e a m  Center  L o s s  

(Angle i n  Degrees) 
Receiver  Line  Loss 
Receiver  Inpu t  Power Level 

System Noise Temperature 
Boltzman’s Cons tan t  
Receiver  Inpu t  N o  

Receiver  Inpu t  C/No 
O v e r a l l  C/No 
Modulation Loss 

S / N  Output ( 6 0 0  Hz BW) 

48.00 

48.00 

-1.60 

-1.00 

0.25 

190.20 

-0.20 

13 .40  

-1.40 

7.00 

-4 .50  

89 .50  

32.12 

-198 .60  

-166.48 

76 .98  

76.98 

12.00 

70.79 

6.19 

2 . 3 1  

8.50 

43.00 

-0.57 

-3.40 

19.10 

-1.60 

7.00 

-188.60 

-0.2 

48.00 

-0 .70  

0.25 

-0.40 

-85.37 

20 .00  

-198.60 

-178  - 6 0  

93.23 

79 .12  

-2.20 

49.10 
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Appendix B cont inued .  

Two Way Range Timing E r r o r  ( S )  

(For One Second Averaging T i m e )  

L I N K  3 SMS/GOES TO TYPICAL RECEIVING SITE 

Transmi t t e r  Power  
T ransmi t t e r  Power  Shar ing  L o s s  

T ransmi t t e r  Line Loss 

Transmi t t e r  Antenna Gain 
Transmi t t e r  Off Beam Center  Loss 
(Angle i n  Degrees) 
F ree  Space Loss 
P o l a r i z a t i o n  Loss 

Receiver  Antenna Gain 
Receiver O f f  B e a m  Center  Loss 
(Angle i n  Degrees) 
Receiver  Line Loss 
Receiver  Inpu t  Power Level 
System Noise Temperature 
Boltzman's  Cons tan t  
Receiver  Inpu t  No 
Receiver  Input  C / N o  

O v e r a l l  C/No 
Receiver  Bandwidth 
Receiver  Bandwidth 
Receiver  Output C/N 
Modulation Loss 
S/N Output 
Two Way Range Timing E r r o r  

(For One Second Averaging T i m e )  

.06 x lo-' 

43.00 
-0.57 
-3.40 
19.10 
-2.5 
9 .oo 

-188.60 
-0.20 
30.40 
-2.40 
2.20 

-0.70 
-105.87 

28.50 
-198.60 
-170.10 

64.23 
64.10 
1.00 
60.00 
4.10 

-2.20 
61.90 
0.72 
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